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THE EFFECTS OF SURFACE WAVINZSS AND OF RIB STITCHING 

ON WING DRAG 

By Manley J. Bood 

SUMMARY 

Surface waviness and rib stitching have been inves- 
tigated as part of a series of tests to determine the ef- 
fects on wing drag of common surface irregularities. The 
tests were made in the N.A.C.A. 8-foot high-speed wind 
tunnel at Reynolds Numbers up to 17,000,000. 

The results of the tests showed that the waviness 
common to airplane wings will cause no serious increase 
in drag unless the waviness exists on the forward part of 
the wing, where it may cause premature transition or pre- 
mature compressibility effects. Waves 3 inches wide and 
0.048 inch high, for example, increased the drag 1 per- 
cent when they coversd tho rear 67 percent of both sur- 
faces and 10 percent whon they oovered the rear 92 por- 
cent. A single wave 3 inches wide and only 0.020 inch 
high at the 10.5-percent-chord point on the upper surface 
caused transition to occur on the wave and increased the 
drag 6 percent. 

Rib stitching increased the drag 7 percent when the 
rib spacing was 6 inches; the drag increment was propor- 
tional to the number of ribs for widar rib spacings. 
About one-third of the increase was due to premature 
transition at the forward ends of.the stitching. 

INTRODUCTION 
. 

The N.A.C.A. has recently conducted tests to deter- 
mine the effects on wing drag of surface irregularities 
common to present-day airplanes, Results showing,the ef- 
facts of various sizes and arrangements of protruding and 
countersunk rfvet hoads,'of spot welds, of several typos 
of lapped sheet-motal j,oints, of imperfections in butted 
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joints, of surface roughness, and of manufacturing irregu- 
larities have been published in reference 1. The prosont . 
note gives results showing the effect on wing drag of sur- a' 
face waviness such as occurs on shcot-motal and plywood- 
oovorod wings and of rib stitching such as occurs on fab- 
ric-covorod wings. The tests were made fn the N.A.C.A. 
8-foot high-speed wind tunnel at Reynolds Numbers up to 
17,000,000. 

APPARATUS 

Tho N.A.C.A. a-foot high-spood wind tunnol, in which 
the tests were conducted, has a closed circular test sec- 
tion. Sphere tests havs shown virtually the same critfcal 
Reynolds Number-as in free..air (reference 2). 

An N,A.C.A. 23012 airfoil of 5-foot chord was used 
for the tests. The surface of the airfoil was aerodynam- 
ically smooth: that is, further polishing would not re- 
duce the drag. 

Tha airfoil was mounted horizontally across the cen- 
tar of the test section as shown in figure 1. Tho tunnsl- 
wall intorf0renc.e. was roducod by onclosing the onds of tho 
airfoil in shiolds that did not touch the airfoil or its 
supports but wore supported indopendontly of the balance. 
The span of each shield was 10 inches and the active span 
of the airfoil between the shields was 6 feet. The air- 
foil extended 1 inch fnto each shield and the gap between 
the airfoil and the shields was l/8 inch. 

The two-dimensional waves (fig. 2) were approximately 
sinusoidal in dross section and had straight-line elements 
parallel to the span. Tho higher wavos were constructod- 
by cementing to tho airfoil linoleum strips of the re- 
quired cross section, filling tho cracks betwoon the 
strips with wax, sandpapering the wholo with No. 400 sand- .- 
paper, and polishing. Waves loss than 0.048 inch hfgh 
woro built up on the airfoil wfth several layers of suc- 
cessively narrower strips of papor. Tho stops at the 
odgos of tho strips were filled and the whole was fairod 
over with lacquer-base glazing putty to give the dosirod 
sinusoidal cross-sectional profile and a smooth surface. 

' 
0 

Tho three-dimensional wavos wcro circular in plan form and 
were similarly constructed with disks of paper (fig. 3). 
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Rib stitching was simulated as indicated in figures 

I b 
1 and 4, Reinforcing tape was first doped to the airfoil, 
short transverse pieces of rib cord were placed on the 
tape, and pinked tape was then doped over both. The sur- 
face of the tape was lightly sandpapered after doping ad 

. the airfoil surface bet?reen the tapes was smooth. 

The drag was determined from force moasurements at 
lift coefficients of approximately 0, 0.15, and 0.30 over 
spood ranges from 80 to 430, 80 to 370, and 80 to 210 

'miles per hour, respoctivoly. The drag'of the smooth 
true airfoil was frequently checked during the tests. 

For the circular waves and the thfnner two-dimcn- 
sionel waves, the movement of the transition point caused 
by tho waves was detormfnod by surface tubes.' Some of 
tho tubes are shown infiguro 3. 

The method used for determining the dynamio pres- 
sure, the air speed, and the Reynolds Number is described 
in roforonce 1, 

4 

PXLECISION 

Owing to constriction effects.(explafned more fully 
in reference l), the drag increments herein presented may 
be.high by as much as 6 percent of the fncrements at 
speeds up to 270 miles por hour and by as much as 9 per- . cent at,highor cpeeds. The drag increments being small 
relative to the smooth-wing drag, these systematic errors 
are unimportant. . . 

The slight soattor of the exporimen'tal,points'and 
- the agrooment between the separate detorminatiQns of the 

smooth-wing drag indicate that tho maximum random error 
due to balance friction, to fluctuation of the ai'r flow, ' 
and to variation of the condition of the airfoil surface 
was about 1.4 porcont of the snooth-wing drag at speeds 

c between 100 and 400 miles per hour and at lift coeffi- 
cients of 0 and 0.15. At speeds below 100 and above 400 
miles per hour and at all speeds at a lift coefficient of 

h 0;30, the maximum random error was less than 3 percent. 
_ - 
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METHOD OF PRESENTATION 

All results are presented as increases in drag coef- 
ficient over that for the smooth airfoil at.the same 
speed and angle of attack. Because the results are pre- 
sented as increments of drag coefficient, no corrections 
for tunnel-wall effects are required except for those duo 
to constriction effects, which have been discussed under 
Precision. 

The basic plots (figs. 5, 6, '7, and 10) of this paper 
show tha variation of the drag increments with Reynolds 
Number. The test speeds corresponding to Reynolds Numbers 
of 10,300,OOO and 1'7,600,000 were 0.3 and 0.6 tho speod of 
sound, respectively. 

SURFACE WAVINESS 

The increase-s in drag coefficient caused by tho two- 
dimensional waves are shown in figure 5 for waves covcr- 
ing both surfaces from the 8-percent-chord point to the 
trailing edge and, in figuro 6, for waves covering both 
surfaces from the 33-percent-chord point to the trailing 
edge. Figuro 7 shows the drag&due to single waves of the 
samo type with the center of the waves 10.5 percent of 
tho chord from tho leading odgo, 

The increase of the drag increments at Reynolds Num- 
bers above 14,000,000, corresponding to a Mach number (the 
ratio of the air speed to the speed of sound in the air) 
of 0.42 and to a spood of 320 miles per hour under stand- 
ard soa-level conditions, was probably due to compressi- 
bility effects r.ather than to scale effect. As was stated 
in reference 1, this result emphasizes that,for high- 
speed airplanos, it is important not only to choose suit- 
able wing sections but also to construct the wings to con- 
form accurately to the chosen sections. ' 

Figure 8 shows that, within the range of the tests, 
the magnitude of the drag increment is chiefly dependent 
on the rati'o of wave height to wave pitch. For goometri- 
tally similar waves -(those having equal ratios of height 
to pitch), however, the smaller waves cause slightly 
larger increases in drag, as would be expected bocauso 
the smaller waves produce larger absolute pressure gradi- 
ents. 
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,The dashed line near the bottom of figure 8 shows 
the computed increment of skin-friction drag resulting 
from the increased surface area and the increased ve-ioc-- 
ity caused by the waves on the rear 67 percer_t of the 
airfoil. The fact that this increment is only about OZIO- 
sixth as large as the noasured drag increase indicates 
that most of tho drag caused by tho waves UQS -for-n-drag 
rather than skin-friction d?ag. 

The flattest waves for which the drag was measured, 
7..5 inches wide by 0.120 inch high (fig. -2) and 3 inches 

were relatively'higher than the wide by 0.048 inch high, 
ones that usually occur on wings made according to present 
standards of worknanshi'p. Even so, when these waves cov- 
ered the rear 67 percent of.both surfaces of the airfoil, 
they increased tho drag only about 1 percent for nost of 
the test range. When these same waves covered the rear 
92 percent of both surfaces of the afrfoil, they incroasod 
the drag 6 and 10 percent for the 7.5-fnch and the 3--itich 
waves, rospectivoly. 

---- 

l?fguro 9 shows in detail that waves, as well as 
othor surface irregularities, cause disproportionately 
iarge increases in drag when they occur forward'of the 
snooth-wing transition point (on the upper surface at--the 
21-percent-chord position for the conditions of this 
figure). Comparison of figures 6 and 7 also illustrates 
this fact: for excnple, at a lift coefficient of 0.15 alid 
a Reynolds l?unber of 10,300,000, a single 3- by 0.048- 
inch wave centered 10.5 percent of the chord fron the 
boading edge on tho uppor surface increased the drag six 
tines as nuch as waves of the sane size covering the en-. 
tfre rear two-thirds of both surfaces of the airfoil. 
Tho drag increment caused by the single waves was about 
equal to the increnont that would be oxpectod fron a shift 
of tho transition point forward to the centor of the wave. 
(See fig. 16 of reference 1.) The conclusion follows 
that, forward of the smooth-wing transition point, tho 
wing should bo free fron waviness but that wavfncss of 
ordinary proportions nay be tolerated 'back of the transi- 
tion point. 

Waves of relatively snail height having been found 
to cause serious increases in drag only when they induce 
premature transition, tests were nade to ascertain the 
snallest wave that would cause prenature occurrence of 
transition. The results showed that wavos 3 inches wide 
on the uppor surface of the airfoil 10.5 percent of the 
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chord from the leading edge caused transition to occur on 
the waves unless they were less than 0.020 inch high. A 
single wave only 0.020 inch hfgh and 3 inches wide would 
therefore increase the drag about 6 percent at a lfft coef- 

i 

ficient of 0.15 and a Reynolds Number of 10,300,OOO. 

Calculations based on the method suggested in refer- 
ence 3 indicate that a wave 0.016 inch high and 3 inches 
wide will produce a pressure gradient just large enough to 
cause laminar separation, and.therefore transition, t0 oc- 
cur on the wave. The pressure gradlent over such a wave 
is so large relative to the gradient over the normal air- 
foil that waves at other chord positions would have practi- 
cally the same permissible height. The failure of a 0.016- 
inch wave to proauce transition at the nave may have beon 
due to the fact that the profile did not exactly conform to 
the shape assumed in the calculations. 

It has been found from tests in the B-foot high-spocd 
tunnel that, under some conditions, a continuous spanniso 
strip of smooth gummed tape 0.003 inch thick did not cause ?. 
premature transition but, when the tape was made discon- 
tinuous by removing alternate inches of spanwfse length, 
transition occurred at the tape. Three-dimensional raves 1 
(fig. 3), however, did not act in this manner: the permis- 
sfble height was about the same as for two-dimensional 
waves. Transition occurred on the circular waves 0.020 
inch high directly behind the centers of the waves but, be- 
hind thinner Rarts of the waves, transition occurred fnr- 
ther downstream. 

owing to the fact that th-e principal effect of aur- 
face waviness is the effect on the extent of laminar 
flow, the position of the smooth-wing transition point 
must be considered fn applying the numerical results to 
other wings. 

RIB STITCHING 

The drag increments caused by rib stitching on both 
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surfaces are shown in figure 10. The drag was increased 
about 7 pcrcont for a rib spacing of 6 iqches* Figure 11 
shows that, as the rib spacing ~10s varied, the drag caused 
by the stitching varied in direct proportion to the num- 
bor of ribs. The oxperinental points indicate a slightly 
curved line rather than a linear variation but none of the 
points depart from the straight Ifno. shown by raoro than 
tho cxpcrinental error* The stitching over each rfb ap- 
parently actod independently of that over adjacent ribs - 

even when the spacfng was as close as 6 inches. 

The rib stitching began 8 percent of the chord from 
tho loading edge so that part of the drag increase was 
undoubtedly due to the effects of pronature transition. 
The incronent attributable to oarly transition was osti- 
mated by assuling that transition occurred at the loading 
edge of the pinkod tapo and spread laterally and down- 
stream with a total included angle of 15'. Tho fncrenent 
thus cstTnatod is shown by the dashed line in figure 11. 
Alnost one-third of the total drag increase was due to 
premature transition. 

CONCLUSIONS 

The nost important conclusions derived fron tho tests 
described in this note, the numerical oxamplcs being taken 
at a lift coefficient of 0.15 and a Reynolds Number of 
10,300,000, are: 

1. Surface waviness of a nagnftudo conmon to airplane 
wings will not soriously increase tho drag unless the wavi- 
ness exists on the forward part of the wing, wharorit nay 
cause pronature transition or pronature conprossibili.ty 
effects. Vjaves 3 inches wide by 0.048 inch high, for cx- 
anple, increased the drag about 1 percent when tha waves 
covered the rear 67 porcont of both surfaces and 10 per- 
cent whon they coverod,tho rear 92 percent. 

2, A single wave 3 inches wide by 0.020 inch high at 
the 10.5.percent-chord position on the upper surfuco was 
just high enough to cause transition to occur at the wave. . . 
The resultant drag increase was 6 percent. 

3. Rib stitching corresponding to a rib spacing of 
6 inches fncreased the drag 7 percent; the drag increment 
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was proportional to the number of.ribs for larger rfb 
spacings. About one-third of the increase was due to the 
premature 0ccurrenc.e of transition at the forward cnda of 
of the stitching. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Biold, Va., July 27, 1939. 
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Figure l.-kirfoil with elm&ted rib stltohiag mounted In wind tunnel. The airfoll 18 * 
set at a laxge negative angle to show the rib ntitohlng. 
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Plgure a.- Waves 7.6 lnohee wide by 0.120 inoh high on airfoil surface. 
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&yre. 4.- Simulation of rib stitching. Al.1 dimension8 are in inches. w 
cm’ . 
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Figure 6.0 Drag due to waviness on rear 92 peroent of both 
surfaoee of airfoil. Ohord, 5 feet. 
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Figurs 6.- Drag due to ravinese on rear 67 peroent of both 

surfaoes of airfoil. Chord, 5 feet. 



H.A.O.A. Teohnioal Note No. 724 Pig.7 

.0020 

.QOlS 

.OOlO 

.0005 

- - --3”%0.048’ ” 

-.-- 3 

I I 

. 

Figure 7.- Drag due to single waves 10.5 peroent ohord 
from leading edge. Ohord, 5 feet. 
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rlgum e.- Variation of drag dn8 to mufwo rpvlnr8m dth obard position of 
forward limit of ~vI‘. Ohord, 0 feat; UL, 0.16; R, 10,200,C0O. 
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Figure 10.0 Drag due to rib stitohlng. Stitohing on both 

Chord, 5 
surfaoee from 8 percent ohord to trailing edge. 

feet. 
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Figure IA.- Figure IA.- Variation of drag due to rib stitching with rib spacing. Stitching on Variation of drag due to rib stitching with rib spacing. Stitching on 
both surfaces from I3 percent chord to trailing edge. Chord, 5 feet; both surfaces from I3 percent chord to trailing edge. Chord, 5 feet; 

o&, 0.15; R, 10,300,000. o&, 0.15; R, 10,300,000. 
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Bigure 11.- Variation of drag due to rib stitching with rib spcfng. Stitching on 
both surfaces from I3 percent chord to trailing edge. chord, 5 feet; 

op 0.15; B, 10,300,000. 


